Background--Fetal growth impacts cardiovascular health throughout postnatal life in humans. Various animal models of intrauterine growth restriction exhibit reduced heart size at birth, which negatively influences cardiac function in adulthood. The mechanistic target of rapamycin complex 1 (mTORC1) integrates nutrient and growth factor availability with cell growth, thereby regulating organ size. This study aimed at elucidating a possible involvement of mTORC1 in intrauterine growth restriction and prenatal heart growth.
T he intrauterine environment is a major determinant of embryonic and fetal development. Various maternal or environmental conditions can impair fetal growth, resulting in intrauterine growth restriction (IUGR), which often presents with low birth weight and reduced organ size. 1 Maternal under-or malnutrition, placental insufficiency, fetal hypoxia, or drugs (eg, glucocorticoids) are among the factors causing IUGR in humans and animal models. 2 IUGR is considered a major risk factor for various chronic diseases later in life and thereby contributes to developmental (or fetal) programming. 3 Hence, it appears imperative to uncover cellular and molecular mechanisms that regulate intrauterine growth. Relatively little is known about the underlying mechanisms, however, but signaling pathways regulating cell growth and proliferation are likely to be involved. IUGR can be induced in animal models by caloric or protein restriction in the maternal diet during pregnancy, 2 which suggests that a sufficient nutritional supply to the embryo and fetus is required for normal intrauterine growth. The mechanistic (or previously named "mammalian") target of rapamycin (mTOR) pathway is an important sensor of the metabolic and nutritional state of a cell and thereby integrates energy homeostasis and amino acid availability with cell size and proliferation. 4 mTOR is a serine/threonine kinase present in 2 multiprotein complexes, mTORC1 and mTORC2, which differ in the composition of regulatory and adaptor protein binding partners. Whereas mTORC2 is best characterized for its involvement in cell survival, growth, cytoskeletal organization, and cell polarity, mTORC1 is a master regulator of cell growth by activating protein, lipid, and nucleic acid biosynthesis while inhibiting catabolic mechanisms such as autophagy. 4 One of the best characterized mTORC1 functions is the activation of cap-dependent mRNA translation by phosphorylating its downstream targets eukaryotic translation initiation factor 4E binding protein 1 (4E-BP1) and ribosomal S6 kinase (S6K1). 4E-BP1 phosphorylation results in its dissociation from eukaryotic translation initiation factor 4E, thereby releasing its inhibitory effect and allowing translation initiation. In addition, phosphorylation and activation of S6K1 and its downstream target S6 ribosomal protein favor mRNA biogenesis as well as translation initiation and elongation. Upstream inputs that regulate mTORC1 activity include cellular energy status (ie, glucose and ATP levels), oxygen, growth factors, and amino acid availability. 4 Importantly, some (but not all) downstream effects of mTORC1 (in contrast to mTORC2) can be efficiently inhibited by the immunosuppressive drug rapamycin. In various model organisms the mTOR pathway has been shown to control organ size, 5 which also includes the mammalian heart. Although its role during postnatal physiological as well as pathological cardiac hypertrophic growth has been studied extensively, 6 much less is known about the involvement of mTOR signaling in prenatal cardiac development. The heart conditional knockout of the gene encoding mTOR in mice using Cre/loxP recombination mediated by different cardiac Cre drivers has been shown to be lethal during late gestation or at early postnatal stages. [7] [8] [9] Efficient inhibition of mTORC1 signaling in the heart, however, appears to be either transiently restricted to a period shortly after midgestation 9 or is only achieved after birth, 7, 8 which hampers final conclusions about its role in the fetal heart. In addition, inactivating the mTOR gene affects both mTORC1 and mTORC2, such that precisely defining the role of one versus the other is not feasible. Similarly, the heart conditional knockout of the upstream mTORC1 activator Ras homolog enriched in brain (Rheb) causes mTORC1 inhibition only after birth, subsequently leading to postnatal lethality. 10 Thus, the role of mTORC1 during embryonic and fetal cardiac growth is incompletely understood.
Restricting amino acid availability in the maternal diet or lowering ambient oxygen concentration during pregnancy as well as reducing blood supply to the placenta cause IUGR in animal models. 1, 2 Given that mTORC1 is inhibited by amino acid starvation, hypoxia, and low cellular energy levels, thereby impairing cell growth and proliferation, 4 we hypothesized that it might be involved in the IUGR phenotype. In addition, most IUGR conditions reduce heart size at birth and cause neonatal cardiac hypoplasia, which is considered a major cardiovascular risk factor in adulthood. 3 In this regard
we have recently described a mouse model of embryonic heart regeneration based on inactivation of the X-linked gene encoding holocytochrome c synthase (Hccs) specifically in the developing heart. 11 The HCCS enzyme is required for electron transport along the mitochondrial respiratory chain. Heterozygous heart conditional Hccs knock-out (KO) females (hereafter referred to as cHccs +/À ) develop a tissue mosaic in the ventricular myocardium composed of 50% cardiomyocytes harboring mitochondrial dysfunction and 50% healthy cells at midgestation. Compensatory proliferation of the healthy cardiomyocyte population allows embryonic heart regeneration, however, such that the neonatal cHccs +/À heart is composed of 90% healthy cells and contains only 10% diseased cells. 11 Nevertheless, embryonic heart regeneration is not sufficient to completely build up the myocardium, resulting in cHccs +/À hearts being hypoplastic at birth due to a reduced number of cardiomyocytes. 12 This reduction in cell number is postnatally compensated for by accelerated and
Clinical Perspective
What Is New?
• Pharmacological inhibition of the mechanistic target of rapamycin complex 1 (mTORC1) pathway in late gestation by rapamycin treatment of pregnant mice causes intrauterine growth restriction, thereby reducing body and organ size in the offspring at birth.
• Rapamycin-sensitive mTORC1 functions are required for perinatal cardiac growth, primarily impacting cardiomyocyte size and survival but not proliferation in the neonatal heart. • Prenatal mTORC1 inhibition reduces cardiac output at birth due to diminished left ventricular dimensions, but contractility is not affected.
• After prenatal mTORC1 inhibition body and heart weight partially normalize until early adulthood, and cardiac output fully recovers despite a reduced number of cardiomyocytes in the adult heart.
What Are the Clinical Implications?
• Prenatal mTORC1 inhibition could play a role in intrauterine growth restriction caused by various maternal or environmental conditions, such as maternal mal-or undernutrition, placental insufficiency, or fetal hypoxia.
• mTORC1 function is required for fetal cardiac growth, and its inhibition might be involved in developmental programming of heart disease in adulthood.
augmented cardiomyocyte hypertrophic growth, such that heart size normalizes by early adulthood. 12 Given the established role of mTORC1 in heart and organ size control, 5, 6 we speculated that mTORC1 activity might be important for fetal cardiac growth and regulation of neonatal heart size in general as well as for compensatory growth of cHccs +/À hearts in particular.
Here we show that inhibiting mTORC1 in the final quarter of gestation by rapamycin treatment of pregnant mice causes IUGR and reduces heart size and cardiac output at birth. Body and heart size partially normalize during postnatal life, and despite a reduction in cardiomyocyte number, cardiac function is not compromised in adult mice after prenatal mTORC1 inhibition. cHccs +/À mice after prenatal rapamycin treatment exhibit cellular differences in the myocardium at birth compared with controls but no major alterations of postnatal heart size or function.
Methods Mice
The generation and characterization of heart conditional Hccs KO mice have been described previously. 11 Briefly, floxed (fl) ). The latter were furthermore used to compare the effects of rapamycin versus vehicle treatment in control animals, implying that all mice used in the study were carrying the Nkx2.5Cre knock-in. 13 Unless specifically annotated, all results refer to control mice, whereas data of cHccs +/À mice are explicitly labeled in figures or figure legends. 
Echocardiography
Adult mice (11 weeks old) were anesthetized by inhalation of a 2.5% isoflurane/oxygen mixture using the Vevo compact dual anesthesia system (VisualSonics, Toronto, ON, Canada). Body temperature was kept constant at 37°C using a heat lamp and a rectal temperature probe. Measurements on neonates were performed on awake pups. Echocardiography was recorded using the Vevo 2100 high-frequency ultrasound system (VisualSonics, Toronto, ON, Canada) with a MicroScanTM transducer MS400 set to 30 MHz for adult mice or MS700 set to 50 MHz for neonatal mice. Operators were blinded for mouse genotypes and treatment groups during echocardiographic recordings as well as data analyses.
Organ Preparation and Histology
Hearts, kidneys, and lungs from neonatal mice were prepared on postnatal day 1, and hearts, livers, kidneys, and spleens from adult mice were prepared at the age of 11 weeks. Adult mice were euthanized by cervical dislocation, and neonates were decapitated. Organs were excised, rinsed in cold PBS, weighed, snap-frozen in liquid nitrogen, and stored at À80°C. If organs were used for histological analyses, they were fixed in 4% paraformaldehyde/PBS (Sigma) for 24 to 48 hours. The tissue was subsequently dehydrated through an increasing ethanol series, cleared in toluol, and embedded in paraffin. Five-micrometer paraffin sections were stained with hematoxylin and eosin (Carl Roth, Karlsruhe, Germany) to assess overall cardiac morphology and tissue composition or with Sirius Red (Direct Red 80, Sigma) to visualize myocardial fibrosis.
were imaged, thereby covering the entire LV tissue. Two nonadjacent cross sections per heart were used. The percentage of interstitial fibrotic tissue was quantified using the color-threshold plugin of ImageJ software (https://imagej. nih.gov/ij/), which measures the red-stained area in relation to the total LV myocardial area. Values of all 12 images were averaged to give the mean fibrotic tissue content for each heart. Perivascular fibrosis was excluded and deleted from the images before analysis.
Evaluation of Cell Proliferation
To assess proliferation rates in neonatal hearts, immunofluorescence staining for Ki67 was performed. Paraffin sections were deparaffinized and rehydrated, and heat-mediated antigen retrieval was performed in sodium citrate buffer (10 mmol/L, pH 6.0) for 20 minutes. After blocking in antibody solution containing 5% normal goat serum (Jackson ImmunoResearch, West Grove, PA) for 1 hour, sections were incubated overnight with a rabbit monoclonal anti-Ki67 antibody (RM-9106, Thermo Scientific, Waltham, MA) at 4°C. Secondary antibody detection was performed at room temperature for 1 hour using a goat anti-rabbit Alexa Fluor 555-conjugated secondary antibody (Invitrogen, Carlsbad, CA). Nuclei were stained with 4 0 ,6-diamidino-2-phenylindole (DAPI) (Invitrogen). Longitudinal sections were imaged with 940 optical magnification using the Biozero BZ-8100 fluorescence microscope (Keyence, Osaka, Japan), and 10 random fields per section were taken within the LV myocardium, including the free wall and interventricular septum. Cells that exhibited colocalization of Ki67 and DAPI were considered to be cycling. Ki67-positive nuclei and the total number of DAPI-stained nuclei were manually quantified using the cell counter plugin of the ImageJ software. A total number of %5000 nuclei per heart were evaluated, and data from all 10 images were averaged to give the mean proliferation rate for each heart.
Evaluation of Cell Death
Apoptotic cells were detected in cardiac paraffin sections using a terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay (ApopTag â Fluorescein Apoptosis Detection Kit, Merck Millipore, Billerica, MA) according to the manufacturer's instructions. Nuclei were stained with DAPI (Invitrogen). Two longitudinal nonadjacent TUNEL-stained sections per heart and 6 random fields per section were imaged using the Biozero BZ-8100 fluorescence microscope (Keyence) with 915 optical magnification. Cells that exhibited colocalization of TUNEL and DAPI staining were considered apoptotic. TUNEL staining as well as the total number of DAPIstained nuclei were manually counted using ImageJ. A total number of %15 000 nuclei per neonatal heart were analyzed, and data from all 12 images were averaged to give the mean apoptosis rate for each heart.
Cardiomyocyte Cross-Sectional Area, Length, and Volume Cardiomyocyte length was measured in adult hearts following immunofluorescence staining of paraffin sections with WGA and an antibody against N-cadherin (sc-7939, Santa Cruz Biotechnology, Dallas, TX) to identify intercalated disks (general staining procedure same as for evaluation of proliferation described above). Two nonadjacent sections per heart were imaged at 940 magnification using a Zeiss Axio Scope.A1 fluorescence microscope. Ten to 15 images per section were taken from areas of the LV myocardium (free wall and interventricular septum) that showed cardiomyocytes in their longitudinal orientation. Rod-shaped cardiomyocytes with clearly visible cell borders, nuclei and intercalated disks were included. The distance between intercalated disks of %70 to 100 cardiomyocytes per heart was measured using the ZEN blue software (Zeiss), and the average cardiomyocyte length was calculated.
Calculation of cardiomyocyte volume was based on the simplified assumption that cardiomyocytes are of cylindrical shape (as previously described 14 ) , such that mean CSA was multiplied by mean cardiomyocyte length for each adult heart.
Calculation of Cardiomyocyte Number Per Heart
Cardiomyocyte number per adult heart was estimated based on previously published protocols 15 with minor modifications. Heart volume was calculated by multiplying cardiac wet weight or LV mass (determined by echocardiography) with the tissue density of rat myocardium, ie, 1.048 g/mm 3 . 15 The relative contribution of cardiomyocytes to the cardiac tissue was estimated by determining cardiomyocyte area fraction on WGA-stained paraffin sections (staining as described above for CSA). Briefly, LV myocardium of 2 nonadjacent sections was imaged at 940 magnification, resulting in 20 to 30 images per heart. For each image the WGA-positive area (including nonmyocytes, extracellular matrix, and cell membranes) was measured using the color threshold plug-in in ImageJ and related to the overall tissue area. The remaining WGA-negative tissue area was considered to represent cardiomyocytes. Cardiomyocyte area fraction was averaged from all images per heart. Cardiomyocyte (CM) number was calculated according to the following equation:
Western Blot Analyses
For isolation of total protein extracts fresh or snap-frozen tissue samples (heart, lung, kidney) were homogenized in RIPA buffer supplemented with protease (Complete Protease Inhibitor Cocktail Tablets, Roche Diagnostics, Indianapolis, IN) and phosphatase inhibitors (PhosSTOP Phosphatase Inhibitor Cocktail Tablets, Roche Diagnostics) and incubated at 4°C for 2 hours with gentle agitation. For samples on the same gel, equal protein amounts were loaded (20 to 50 lg), separated using denaturing SDS-PAGE and blotted onto nitrocellulose (GE Healthcare, Chicago, IL) or polyvinylidene fluoride (Merck Millipore) membranes. Membranes were blocked for 1 hour in 5% nonfat dry milk (Carl Roth) in Tris-buffered saline with Tween 20 and incubated with the following primary antibodies at 4°C overnight:
, total Akt (#4691) (all from Cell Signaling Technology, Danvers, MA). Antibodies against GAPDH (MA1-22670, Thermo Scientific, Waltham, MA), a-tubulin (T9026, Sigma-Aldrich, St. Louis, MO), and vinculin (V9131, Sigma-Aldrich) were used for loading control. Secondary detection was performed using horseradish peroxidase-linked secondary antibodies (Cell Signaling Technology). Enhanced chemiluminescence reaction was performed and detected with the imaging system Odyssey Fc (LI-COR Biosciences, Lincoln, NE) or by exposure of the membrane to chemiluminescence-sensitive CL-XPosure films (Thermo Scientific). Intensity of detected protein bands was quantified by densitometry using ImageJ.
Quantitative Real-Time Polymerase Chain Reaction
Fresh or snap frozen cardiac tissue samples were homogenized in TRIzol reagent (Invitrogen), and total RNA was isolated according to the manufacturer's instructions. RNA was subsequently purified using RNeasy spin columns (Qiagen, Hilden, Germany), including digestion of genomic DNA on the column (RNase-free DNase set, Qiagen). Isolated cardiac RNA was reversely transcribed into cDNA using M-MuLV reverse transcriptase (New England BioLabs, Ipswich, MA) and random hexamer primers. Quantitative real-time polymerase chain reaction (PCR) was performed using the Power SYBR â Green PCR Master Mix (Applied Biosystems, Foster City, CA) on the ViiA TM 7 real-time PCR system (Applied Biosystems). Primers were obtained from BioTeZ (Berlin, Germany), and sequences are as follows: optimized to PCR efficiencies between 90% and 110% and a correlation coefficient ≥0.990 using cDNA dilution series. All samples were analyzed in triplicate. Relative expression differences between groups were determined using the DDCT method.
Statistical Analyses
All data are presented as meanAEstandard error of the mean. Data sets were tested for normal distribution by the Kolmogorov-Smirnov test, and homogeneity of variances between groups was assessed by the Levene test using SPSS (IBM, Armonk, NY). If these criteria were met, differences between 2 groups were evaluated with an unpaired, 2-sided Student t test using Excel 2010 (Microsoft, Redmond, WA) and those among multiple groups with 1-way ANOVA followed by Bonferroni post hoc test using SPSS (IBM). Differences among multiple groups with unequal variances were evaluated with nonparametric Kruskal-Wallis 1-way analysis of variance followed by Mann-Whitney post hoc test using SPSS (IBM).
Genotype distributions were compared to expected Mendelian distribution by a chi-squared test using Microsoft Excel. Kaplan-Meier survival curves were plotted using SPSS, and differences between groups were determined by a Log Rank (Mantel-Cox) test. A probability (P) value less than 0.05 was considered to indicate statistical significance.
Results

Efficient Inhibition of mTORC1 in Neonatal Mice by Rapamycin Treatment of Pregnant Dams
In order to inhibit mTORC1 in fetal mice, we treated pregnant dams during the final quarter of gestation (starting at 15.5 dpc until delivery) by subcutaneous injections of rapamycin (5 mg/kg body weight) or vehicle every 12 hours ( Figure S1 ). mTORC1 activity was tested by Western blot analyses on different tissues harvested from newborn mice on postnatal day 1 (P1). Prenatal rapamycin treatment efficiently reduced phosphorylation of the mTORC1 downstream targets S6K1 and S6 ribosomal protein in the offspring heart, lung, and kidney ( Figure 1A ). 4E-BP1 was unaffected, consistent with previous reports showing different responsiveness of mTORC1 targets to rapamycin. 16, 17 mTORC1 regulates autophagy in concert with AMPactivated protein kinase (AMPK) by phosphorylating ULK1, a kinase important for the initiation of autophagy. 18 Phosphorylation of AMPKa was increased in rapamycin-compared with vehicle-treated neonatal hearts ( Figure S2A ), as previously described in the mouse liver. 19 Importantly, total ULK1
protein amounts are elevated in the P1 heart by prenatal rapamycin treatment ( Figure S2B ). In agreement with AMPK activation, ULK1 phosphorylation at the AMPK-dependent residue Ser555 (which promotes autophagy) was increased in rapamycin-compared with vehicle-treated hearts, even after normalization to total ULK1 ( Figure S2B ). In contrast, phosphorylation of the mTOR-sensitive Ser757, which inhibits autophagy, was unaltered when normalized to total ULK1 ( Figure S2B ). In conclusion, besides opposing phosphorylation by AMPK and mTOR, regulation of ULK1 activity in rapamycintreated neonatal hearts seems furthermore to involve altered ULK1 protein stability and/or synthesis (as previously proposed). 20, 21 To investigate the net effect of these interactions, we tested protein levels of p62 (SQSTM1), which is rapidly degraded if autophagy is activated, 22 and found reduced p62
in hearts of rapamycin-compared with vehicle-treated neonates ( Figure 1B ). In addition, we detected reduced LC3B-I but unaltered LC3B-II protein amounts in rapamycincompared to vehicle-treated hearts ( Figure 1B ), a pattern also observed in heart conditional Rheb KO mice. 10 Consequently, the LC3B-II/LC3B-I ratio is increased in rapamycin-treated hearts, a parameter widely used to indicate activation of autophagy. The fact that LC3B-II levels are not elevated, as often reported, could indicate accelerated autophagic flux such that, after conversion of LC3B-I to LC3B-II, the latter is rapidly degraded via lysosomal turnover. 22 Based on these data we conclude that autophagy is activated in neonatal hearts after prenatal rapamycin treatment. It has been proposed that rapamycin can inhibit mTORC2 if applied in high doses or for prolonged treatment periods. 23, 24 We did not detect differences in Akt phosphorylation at Ser473 ( Figure 1C) , a well-established mTORC2 phosphorylation site, thereby excluding major inhibitory effects of rapamycin on mTORC2 in the neonatal heart. Finally, given that newborn pups did not receive further treatment after birth, we wanted to know at what postnatal stage mTORC1 activity is fully restored. Western blot analyses revealed that S6 phosphorylation in the heart is still reduced on postnatal day 2 (P2) but returns to normal levels at P3 ( Figure 1D ). In summary, rapamycin treatment of pregnant mice during late gestation results in efficient inhibition of rapamycin-sensitive mTORC1 functions in the offspring at birth, which in the heart is restored by P3.
Prenatal Rapamycin Treatment Causes IUGR and Reduces Heart Size at Birth
Prenatal rapamycin treatment in late gestation (starting at 15.5 dpc) does not cause fetal lethality, evident as unaltered litter size in rapamycin-compared to vehicletreated dams on postnatal day 1 (Figure 2A ). In contrast, initiation of rapamycin treatment at 11.5 dpc resulted in spontaneous abortions around 16.5 dpc and fetal lethality with severe growth restriction and malformations. Consequently, all further analyses were performed with treatment commencing at 15.5 dpc (as depicted in Figure S1 ). Pups born from rapamycin-treated females were smaller in size at birth compared to vehicle-treated pups, resulting in a 16.4% reduction in body weight (BW) ( Figure 2B ). Similarly, a reduction in heart size was already evident upon dissection and was furthermore confirmed by histological examination ( Figure 2C ). The latter does not reveal any major structural or morphological cardiac defects after prenatal mTORC1 inhibition, however. Strikingly, heart weight (HW) was reduced by 34.5%, resulting in a significantly reduced HW/BW ratio in rapamycin-versus vehicle-treated pups ( Figure 2D ). In contrast, kidney weight (KW) was reduced in accordance with BW by 19.7%, resulting in unaltered KW/ BW ratios between groups ( Figure 2E ). In conclusion, rapamycin treatment during late gestation causes IUGR evident as reduced body and organ size. Heart size is disproportionately affected, suggesting that fetal cardiac growth is specifically sensitive to mTORC1 inhibition. The rapamycin-induced reduction in neonatal heart size can be the result of different cellular mechanisms: a reduction in cardiomyocyte size or number, and the latter can be caused by induction of cell death or by inhibition of proliferation. We determined cell cycle activity in neonatal (P1) hearts of rapamycin-compared to vehicle-treated pups by Ki67 immunostaining but did not find differences between the groups ( Figure 3A ). In contrast, when we assayed programmed cell death (apoptosis) by TUNEL staining, a significant increase in the number of TUNEL-positive cells was observed in rapamycin-treated Western blots of protein extracts from neonatal (P1) heart, kidney, and lung tissue after prenatal vehicle or rapamycin treatment. Reduced phosphorylation of the mTORC1 downstream targets S6K1 and S6 ribosomal protein confirmed successful mTORC1 inhibition by rapamycin in all 3 organs. In contrast, phosphorylation of 4E-BP1 was unaffected in the neonatal heart. B, Western blots revealed reduced p62 (SQSTM1) and LC3B-I protein levels, resulting in an increased LC3B-II/LC3B-I ratio in hearts of rapamycincompared to vehicle-treated neonates (densitometric quantification n=6 per group for p62, n=4 for LC3B, *P<0.05, **P<0.01). C, Western blots of Akt Ser473 phosphorylation normalized to total Akt revealed no significant differences between hearts of rapamycin-and vehicle-treated neonates (densitometric quantification n=5 per group). D, Western blots of heart protein extracts from vehicle-treated neonates at P1 and rapamycin-treated littermates at P1, P2, and P3 illustrating phosphorylation status of S6 ribosomal protein. mTORC1 activity is still inhibited at P2 but restored by P3. B and C, Samples were detected on the same membrane but were noncontiguous, indicated by a black line. P1 hearts ( Figure 3B ). Most strikingly, cardiomyocyte CSA was significantly reduced in the latter compared to vehicle-treated pups, indicating a reduction in cell size ( Figure 3C ). Taken together, these data suggest that prenatal rapamycin treatment reduces cardiac organ size primarily by reducing cardiomyocyte size in combination with induction of apoptosis but not by interfering with proliferation. 
Impact of Fetal mTORC1 Inhibition on a Mouse Model of Prenatal Compensatory Cardiac Growth
Given the importance of mTOR for cardiac growth and organ size control, 5, 6 it might be specifically required for embryonic heart regeneration in cHccs +/À mice. Western blots illustrating the phosphorylation status of S6K1 and S6 ribosomal protein revealed enhanced mTORC1 activity in neonatal (P1) cHccs +/À hearts compared to littermate controls (densitometric quantification for S6K1: Hccs +/+ n=15, cHccs +/À n=14, for S6: n=6 per group). B, Body weight (BW) of rapamycin-treated neonates was significantly reduced compared to vehicle-treated animals, but no difference was observed between genotypes. Rapamycin-treated Hccs +/+ and cHccs +/À neonates demonstrated similar reductions in heart weight (HW) and HW/BW ratio compared to vehicle-treated animals. Note that the reduced HW and HW/BW ratio in cHccs +/À compared to Hccs +/+ newborns reported previously 12 persisted after prenatal mTORC1 inhibition (vehicle groups n=9, rapamycin groups n=10). C, Quantification of Ki67-positive nuclei revealed unchanged proliferation rates within the LV myocardium of vehicle-and rapamycin-treated hearts and between genotypes (vehicle groups n=6, rapamycin Hccs +/+ n=12, rapamycin cHccs +/À n=13). D, Quantification of TUNEL-positive nuclei revealed significantly increased apoptosis in hearts after prenatal mTORC1 inhibition, with apoptosis in rapamycin-treated cHccs +/À hearts being significantly higher than in rapamycin-treated Hccs +/+ controls (vehicle Hccs +/+ n=4, all other groups n=6). E, Prenatal rapamycin treatment significantly reduced cardiomyocyte cross-sectional area (CSA) in both genotypes, and CSA in rapamycin-treated cHccs +/À hearts was significantly smaller compared to rapamycin-treated Hccs +/+ controls (vehicle groups n=5, rapamycin groups n=3). B through E, Note that data used for Hccs +/+ animals are the same as depicted in Figures 2 and 3 Journal of the American Heart Association compensatory cardiac growth, maturation, or cell survival in cHccs +/À mice might depend on mTORC1 signaling to S6K1, which has been shown to fulfill various functions in the heart. 6 To address this question, we subjected cHccs +/À fetuses to the same regime of prenatal rapamycin treatment as described above (ie, starting at 15.5 dpc). Similarly to control hearts, rapamycin efficiently inhibited mTORC1 activity in cHccs +/À hearts on postnatal day P1 ( Figure S4A ). In litters from rapamycin-treated dams, genotype distribution at P1 was as expected for X-chromosomal inheritance of Hccs and not different from vehicle-treated litters ( Figure S4B ), excluding prenatal lethality of cHccs +/À females upon mTORC1
inhibition. Importantly, the rapamycin-induced reduction in BW, HW, and HW/BW ratio was similar in cHccs +/À females compared to rapamycin-treated controls (Hccs +/+ ) (Figure 4B) . The reduction in heart weight in neonatal cHccs +/À compared to Hccs +/+ females due to the reduced number of cardiomyocytes described previously 12 was evident in both treatment groups but was not aggravated by rapamycin. At the cellular level, rapamycin does not specifically impair proliferation in cHccs +/À hearts at P1 ( Figure 4C ) but further induces apoptosis ( Figure 4D ) and reduces cardiomyocyte CSA ( Figure 4E ) when compared to rapamycin-treated Hccs +/+ females. In summary, whereas rapamycin does not seem to affect late-gestational regulation of overall heart size specifically in cHccs +/À females, it does have more pronounced effects on cardiomyocyte size and cell survival. The latter implies that rapamycin-sensitive mTORC1 functions control certain cellular aspects of perinatal compensatory growth and tissue homeostasis in cHccs +/À hearts, which could impact on their morphology and function in adulthood (see Discussion in Data S1).
Normal Contractility but Reduced Stroke Volume and Cardiac Output in Neonatal Hearts After Rapamycin Treatment
Considering the significant effects of prenatal mTORC1 inhibition on neonatal heart size, we performed echocardiography on rapamycin-and vehicle-treated pups at P1 in order to evaluate cardiac function. In agreement with the heart weight and morphology data described above, rapamycintreated neonates had a significantly reduced systolic LV wall thickness ( Figure 5A ), a reduced LV internal diameter (Figure 5B) , and a reduced calculated LV mass ( Figure 5C ). LV contractility, however, was not affected by prenatal rapamycin treatment ( Figure 5D ). The smaller LV dimensions result in a significantly reduced LV stroke volume and cardiac output in rapamycin-versus vehicle-treated pups, given that heart rate was not different between groups ( Figure 5E ). In addition, prenatal mTORC1 inhibition does not have more severe effects on cardiac dimensions or function in cHccs +/À compared to Hccs +/+ females (Table S1 ). In summary, prenatal rapamycin treatment reduces LV size and cardiac output at birth. and endsystole (sys) were reduced after prenatal rapamycin treatment, even though only systolic wall thickness reached statistical significance. B, End-diastolic and end-systolic left ventricular internal diameter (LVID) was reduced in neonatal mice after prenatal mTORC1 inhibition, whereat only diastolic LVID was significantly different. C, Neonatal LV mass calculated from echocardiography data was significantly reduced after prenatal rapamycin treatment. D, LV contractility at birth, measured as fractional shortening (FS) and ejection fraction (EF), was not affected by prenatal rapamycin treatment. E, The smaller LV dimensions result in significantly reduced LV stroke volume and consequently cardiac output in rapamycin-vs vehicle-treated pups, given that heart rate was not different between groups. A through E, Vehicle n=7, rapamycin n=6. *P<0.05, **P<0.01. 
Body and Organ Weights Partially Normalize After Prenatal Rapamycin Treatment Until Adulthood
To monitor the postnatal fate of pups born after prenatal mTORC1 inhibition, we analyzed rapamycin-and vehicletreated animals at the age of 11 weeks. As shown above, mTORC1 activity is restored in the rapamycin-treated heart 3 days after birth ( Figure 1D ), suggesting that body and organ growth should be uncompromised thereafter. Nevertheless, we noticed postnatal lethality in a subset of rapamycintreated pups within the first 12 days after birth, resulting in 67.3% survival compared with 95.8% in vehicle-treated mice ( Figure 6A ). After day 12 no further deaths were recorded, and all animals survived to early adulthood. Comparison of genotype distribution at weaning (ie, at 21 days of age) revealed no evidence for preferential lethality of rapamycintreated cHccs +/À mice after birth ( Figure S5 ). At the age of 11 weeks, rapamycin-treated animals still had a significantly reduced BW and tibia length (TL) compared with vehicletreated mice ( Figure 6B ). BW was reduced by 10% compared with 16% at birth, indicating a certain degree of postnatal catch-up growth, however. Importantly, HW completely normalizes in rapamycin-compared with vehicle-treated mice, resulting in normal HW/BW and HW/TL ratios after 11 weeks ( Figure 6C ). Histological examination confirmed mainly normal cardiac morphology, although hearts appeared slightly smaller, and LV walls slightly thinner, compared with the vehicle group ( Figure 6D ). Liver and spleen weights were not different in adult rapamycin-versus vehicle-treated mice, whereas KW was significantly reduced ( Figure 6E ). Nevertheless, organ weights normalized to BW or TL were not different between treatment groups ( Figure 6F and Table S2 ). Moreover, no specific effect of rapamycin treatment on body or organ size was observed in cHccs +/À compared to Hccs +/+ females (Table S2) . Taken together, after prenatal rapamycin treatment, pups that survived the early postnatal period showed incomplete catch-up growth of body and kidney size, whereas heart, liver, and spleen weights all normalized until adulthood.
Reduced LV Mass but Normal Cardiac Contractility and Output in Adult Mice After Prenatal Rapamycin Treatment
Long-term consequences of prenatal rapamycin treatment on postnatal heart morphology and function were evaluated by echocardiography at the age of 11 weeks. As suggested by histological examinations (Figure 6D ), rapamycin-treated animals had a significantly reduced LV wall thickness compared with vehicle-treated controls ( Figure 7A ). The fact that LV diameter was not different between the groups ( Figure 7B ) resulted in a significantly reduced LV mass in rapamycintreated mice calculated from echo data, whereas the LV mass/BW ratio was unaffected ( Figure 7C ). Similar to neonatal stages, rapamycin-treated adults did not show impairment of LV contractility ( Figure 7D ). Interestingly and in contrast to newborns, LV stroke volume, heart rate, and cardiac output were normal in rapamycin-compared with vehicle-treated adults ( Figure 7E ). The latter suggests functional recovery during postnatal life, considering reduced cardiac output in rapamycin-treated animals at birth (Figure 5E) . No major impairment of cardiac morphology and function was observed in rapamycin-treated cHccs +/À compared to Hccs +/+ females ( Table S3 ), indicating that prenatal mTORC1 inhibition does not negatively influence the longterm outcome specifically in cHccs +/À females despite their reliance on compensatory cardiac growth. In summary, prenatal inhibition of rapamycin-sensitive mTORC1 functions results in a sustained reduction of LV mass until early adulthood. Despite unaltered overall cardiac wet weight ( Figure 6C ), we conclude that LV dimensions are not completely restored in rapamycin-treated mice within the first 11 weeks of life, although heart size (ie, wet weight and LV mass) appears largely appropriate when normalized to BW.
Reduced Cardiomyocyte Number but No Maladaptive Remodeling in Adult Hearts After Prenatal Rapamycin Treatment
The reduced LV wall thickness and mass in adult hearts after prenatal rapamycin treatment could be caused by a reduction in cardiomyocyte number or size. Surprisingly, cardiomyocyte CSA was increased in rapamycin-compared with vehicletreated mice ( Figure 8A ), suggesting an increase in cell size. In addition, we measured cardiomyocyte length in tissue sections by N-cadherin immunofluorescence staining of the intercalated disks between longitudinally oriented cells ( Figure 8B ). Cardiomyocyte length was not different between rapamycin-and vehicle-treated adult hearts ( Figure 8B) . Assuming a simplistic model of cardiomyocytes being of cylindrical shape, multiplying CSA by cell length allowed us to calculate the average cardiomyocyte volume per heart. This revealed a significant increase in cardiomyocyte volume in rapamycin-compared with vehicle-treated adult hearts ( Figure 8C ). Considering reduced LV mass in echocardiography and unchanged cardiac wet weight in rapamycin-treated animals, the latter would argue for compensatory cardiomyocyte hypertrophy to account for a reduction in cell number. To estimate cardiomyocyte number per heart, we first determined the relative contribution of cardiomyocytes to the myocardium in WGAstained LV tissue sections. These data revealed a slightly but significantly reduced cardiomyocyte area fraction in rapamycin-compared with vehicle-treated adult hearts ( Figure 8D ). Based on LV mass or cardiac wet weight, cardiomyocyte area DOI: 10.1161/JAHA.117.005506
Journal of the American Heart Association fraction, and cardiomyocyte volume, we were able to calculate the number of cardiomyocytes per heart (see Methods).
Although this allows only a rough assessment and likely underestimates the absolute cardiomyocyte number, it should be suitable for relative comparisons between treatment groups. The results indeed revealed a significantly reduced number of cardiomyocytes per heart in rapamycin-compared with vehicle-treated mice in adulthood ( Figure 8E ). The reduction in cell number could be compensated for by excessive deposition of extracellular matrix and therefore result in maladaptive myocardial remodeling. We did not detect differences in interstitial fibrosis within the LV myocardium between rapamycin-and vehicle-treated mice, however ( Figure 8F ). Furthermore, RNA expression of fetal genes to indicate a molecular signature of pathological conditions was not different between groups ( Figure 8G ). Finally, prenatal rapamycin treatment does not have more severe consequences on CSA, fibrosis, or fetal gene expression in adult cHccs +/À compared to Hccs +/+ females ( Figure S6 ), indicating that prenatal mTORC1 inhibition can be compensated in cHccs +/À hearts.
Taken together, prenatal rapamycin treatment reduces the number of cardiomyocytes in the postnatal heart, which can be partially compensated by increased cell volume to achieve a near normal organ size. 
Discussion
Intrauterine growth restriction can be induced by a variety of maternal or environmental conditions, most of which converge on the (single or combined) restriction of nutrients, energy, or oxygen to the fetus. 1 The cellular mechanisms that sense such shortage and slow down intrauterine growth, however, are not well understood. Here we show that rapamycin-sensitive mTORC1 function regulates fetal growth and determines body and organ size at birth. Given that mTORC1 integrates nutrient, amino acid, and oxygen availability with cell growth and proliferation, 4 it seems likely that inhibition of mTORC1 by different IUGR conditions is causally involved in fetal growth restriction and aberrant organ maturation. Indeed, a lowprotein diet (LPD) fed to female mice throughout pregnancy reduces pancreatic b-cell mass in the newborn offspring, eventually leading to impaired insulin secretion and glucose intolerance. 25 LPD causes reduced mTORC1 activity in b-cells at birth, and transiently restoring mTORC1 function rescues bcell mass and prevents the diabetic phenotype in the offspring. 25 In addition, food restriction in pregnant baboons or sheep reduces mTORC1 activity in the fetal liver and skeletal muscle, respectively. 26, 27 Although corresponding data for the growth-restricted fetal or newborn heart are missing, it is tempting to speculate that mTORC1 inhibition is a general consequence of IUGR in various organs, thereby contributing to developmental programming of adult disease. Rapamycin treatment of pregnant dams represents a new IUGR model in rodents, which could prove useful to study developmental programming in various organ systems. We have shown efficient inhibition of rapamycin-sensitive (ie, S6K1, S6) but not rapamycin-insensitive (ie, 4E-BP1) mTORC1 downstream targets in the newborn heart, kidney, and liver and a concomitant reduction in heart and kidney weight. For animal studies of developmental programming, however, it has been recommended to use only 1 representative male and/or female offspring per litter in order to account for differences in the intrauterine or postnatal environment specific for certain pregnancies or dams. A limitation of the current study in this regard is that we included several Hccs +/+ and cHccs +/À females from the same litter, which is common practice when analyzing genetically modified mice. Consequently, we cannot exclude that the close relationship of littermates in contrast to randomly chosen mice might have an effect on certain study results. The rapamycin treatment protocol applied in this study (ie, starting at 15.5 dpc) results in a quite stable %16% reduction in neonatal body weight, the degree of which is comparable to other IUGR studies. [28] [29] [30] In contrast, the widely used maternal protein restriction during pregnancy has shown quite remarkable variations in neonatal body weight between different studies and investigators, which are likely to be influenced by the mouse or rat strain used, the exact diet composition, the precise onset of LPD, the duration of LPD after birth, and other variables (reviewed by Zohdi et al 31 ) . In this regard we believe that rapamycin treatment of pregnant dams is easy to control and can be standardized to achieve consistent degrees of growth and end-systole (sys) were reduced in adult hearts after prenatal rapamycin compared with vehicle treatment, even though systolic LVPW missed statistical significance. B, End-diastolic and endsystolic left ventricular internal diameter (LVID) was not different between the groups. C, LV mass calculated from echocardiography data was significantly reduced in adult mice after prenatal mTORC1 inhibition compared with vehicle-treated animals, whereas the LV mass/BW ratio was unaffected. D, Rapamycintreated adults did not show impairment of LV contractility, as indicated by normal fractional shortening (FS). E, LV stroke volume, heart rate, and cardiac output were normal in rapamycincompared with vehicle-treated adults. A through E, Vehicle n=7, rapamycin n=9. (*P<0.05, **P<0.01). mTORC1 indicates mechanistic target of rapamycin complex 1.
restriction and therefore reproducible results when studying fetal programming in adulthood. Furthermore, the rapamycin dose can potentially be adjusted to regulate the degree of IUGR, and an adapted treatment regime might even allow to precisely time the period of mTORC1 inhibition by starting and terminating rapamycin application at the desired gestational stage. Such a protocol could determine time windows during embryonic or fetal development that are most susceptible to growth restriction and therefore most relevant for developmental programming. An important consideration in assessing the new IUGR model described here is the effect of rapamycin on the maternal organism. Because it is applied systemically to pregnant mice, it is likely to interfere with placental growth and function, even though placental development is already well established at the onset of treatment (ie, 15.5 dpc in this study). 32 Nevertheless, mTORC1 signaling has been shown to play an important role in placental nutrient sensing and consequently maternal-to-fetal nutrient exchange. 33 Interestingly, however, mTORC1 activity is reduced in the placenta by maternal protein or nutrient restriction in rats and baboons, respectively, 28, 29 as well as in human placentas upon IUGR. 34, 35 Systemic rapamycin administration to pregnant dams could furthermore interfere with mammary gland development, thereby impairing lactation and milk intake of newborn offspring. Indeed, treatment of pregnant mice with the mTORC1 inhibitor RAD001 or rapamycin starting on the day before delivery and continuing for 5 or 12 days, respectively, disturbs mammary gland tissue architecture and reduces organ size, milk protein production, and pup Figure 8 . Cardiomyocyte number is reduced, but cell volume is increased in adult hearts after prenatal rapamycin treatment. A, Cardiomyocyte cross-sectional area (CSA) was significantly larger in adult hearts exposed to prenatal rapamycin treatment compared with vehicle (vehicle n=6, rapamycin n=7). B, Immunofluorescence staining for N-cadherin to visualize intercalated disks (red), WGA to detect cell membranes (green), and DAPI to stain nuclei (blue) in adult hearts. White lines indicate representative longitudinally oriented cardiomyocytes used to measure the distance between 2 intercalated disks (scale bar=50 lm). Cardiomyocyte length was not different between vehicle-and rapamycin-treated adult hearts. C, Calculated cardiomyocyte volume is significantly increased in adult hearts after prenatal rapamycin vs vehicle treatment. D, Cardiomyocyte area fraction is slightly but significantly lower in rapamycin-vs vehicle-treated adult hearts. E, Calculation of cardiomyocyte number revealed a significant reduction in adult hearts after prenatal rapamycin treatment compared with vehicle controls (n=5 per group in B through E). F, Quantification of interstitial fibrosis within the left ventricle myocardium of adult mice did not reveal differences between the treatment groups (vehicle n=6, rapamycin n=8). G, RNA expression of Nppa (natriuretic peptide type A), Myh7 (b-myosin heavy chain 7) and Nppb (natriuretic peptide type B) was determined in adult hearts by quantitative real-time polymerase chain reaction. For all 3 genes no significant difference was observed after prenatal rapamycin compared to vehicle treatment (n=8 per group). (*P<0.05, **P<0.01).
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Journal of the American Heart Association weight. 36, 37 Rapamycin furthermore reduces milk protein production in murine and bovine mammary epithelial cells in vitro, which was also observed upon amino acid starvation. 38 Importantly, maternal LPD during pregnancy in rats impairs late gestation mammary gland development, 39 and uteroplacental insufficiency induced by uterine artery ligation in rats impairs mammary gland development and function as well as milk production and composition, thereby restraining postnatal pup growth. 30 These studies indicate that impaired mammary gland function as well as placental mTORC1 inhibition appear to be general features of various IUGR animal models, such that a potential maternal impact by rapamycin treatment would not be fundamentally different.
The degree of the latter will have to be compared to other IUGR models in future studies, however. This appears furthermore warranted considering lethality in %30% of rapamycin-treated pups during the first 12 postnatal days ( Figure 6A ).The latter could well be caused by lactation insufficiency or metabolic alterations in the maternal organism, resulting in undernourishment of the offspring. Alternatively, postnatal lethality could be independent of maternal factors and might be the result of variable severity of rapamycin-induced IUGR and organ dysfunction or impaired postnatal compensatory processes (eg, insufficient catch-up growth) in some pups. Our data show that full mTORC1 activity is essential for fetal heart growth during late gestation, given that neonates after prenatal rapamycin treatment have small hearts and a reduced HW/BW ratio compared with vehicle-treated controls. The latter is the result of a disproportional (34.5%) reduction in HW compared with BW (16.4%). These findings are in contrast to maternal LPD or placental insufficiency in rats, in which reduction in offspring HW parallels the reduction in BW, such that HW/BW ratio is normal. 30, 31 Interestingly, the reduction in KW (19.7%) in rapamycin-treated pups was proportional to body weight, resulting in normal KW/BW ratios. These data suggest that fetal heart growth more heavily depends on rapamycin-sensitive mTORC1 activity as compared with other organs and that the prenatal heart might be specifically susceptible to fetal programming involving mTORC1 inhibition. Decreased neonatal heart size after prenatal rapamycin treatment is primarily caused by a reduction in cardiomyocyte size, whereas proliferation is unaffected at birth. This is in agreement with rapamycin inhibiting phosphorylation of S6K1 but not 4E-BP1 in the neonatal heart, as it has been shown that 4E-BP1 primarily mediates the proliferative effects downstream of mTORC1, whereas S6K1 regulates cell size. 40, 41 It is furthermore consistent with the heart conditional knockout of mTOR and the upstream mTORC1 activator Rheb, both of which result in full mTORC1 inhibition shortly after birth with reduced cardiomyocyte size by days 8 and 15, respectively, 7,10 whereas proliferation rates were not directly determined. We furthermore detected increased apoptotic cell death within the myocardium of rapamycin-treated neonates, which is in agreement with previous studies showing cardiomyocyte apoptosis upon mTORC1 inhibition in the embryonic or early postnatal heart. [7] [8] [9] It is tempting to speculate that in addition to diminished cell size a reduced cardiomyocyte number due to rapamycin-induced cell death might also contribute to the reduction in heart size. A limitation of our study, however, is that we did not differentiate between cell types when determining proliferation and apoptosis, so we cannot exclude that primarily a nonmyocyte cell population is undergoing cell death. Similarly, unaltered overall proliferation rates in the myocardium could obscure slight differences between cardiac cell types. Nevertheless, when studying adult hearts after prenatal rapamycin treatment, morphometric calculations revealed a reduced cardiomyocyte number in rapamycin-versus vehicle-treated hearts in adulthood. An intriguing question is whether this cardiomyocyte deficit is solely due to increased cardiomyocyte apoptosis in the perinatal phase or whether impaired proliferation in the prenatal period also contributes. In addition, given that murine cardiomyocytes can proliferate during the first postnatal week, 42 and mTORC1 activity is only restored by day 3, cardiomyocyte proliferation could also be impaired shortly after birth. A limitation of our study in this regard is that we did not investigate fetal hearts or placental morphology and function between commencement of rapamycin treatment at 15.5 dpc and birth. Therefore, we cannot exclude that rapamycin induces metabolic alterations in the mother or molecular changes in the placenta that generally impair nutrient supply to the fetus, thereby potentially inhibiting fetal (cardiac) growth beyond the rapamycinsensitive functions of mTORC1. For example, impaired placental amino acid exchange 28, 29, 34 could potentially result in full mTOR inhibition, which in turn could inhibit cardiomyocyte proliferation in the fetus. Given that such rapamycinindependent inhibitory effects would be restored quickly after birth, our current study might be unable to detect the molecular and cellular consequences when investigating hearts on postnatal day 1. So whether rapamycin-treated neonates are born with a reduced cardiomyocyte number or whether this develops after birth will have to be determined in future studies, in parallel with investigations of placental function. The reduction in body and organ weight in rapamycintreated mice at birth is partially normalized until early adulthood. Body weight and tibia length remain slightly reduced at the age of 11 weeks, which is in agreement with persistent weight reduction in other IUGR rodent models. 31, 43 Interestingly, the ability for postnatal catch-up growth appears to vary among organs. Although absolute heart, liver, and spleen weights are mainly normal in 11-week-old rapamycincompared with vehicle-treated animals, kidney weight is still reduced, although not different when normalized to body weight or tibia length. Nevertheless, these data suggest that the kidney has an impaired postnatal growth plasticity in response to IUGR (as previously proposed by human as well as animal studies 43, 44 ), which might contribute to developmental programming of hypertension and kidney disease. For the heart, we observed a discrepancy between overall gravimetric wet weight and LV mass calculated from echocardiography data. Whereas the latter was reduced in rapamycin-versus vehicle-treated mice in adulthood, wet weight was unchanged. These differences are likely caused by the impact of blood or fluids in the cardiac cavities as well as right ventricular and atrial myocardium on wet weight but not LV mass calculations. Given that histological examinations and echocardiography data confirmed slightly reduced LV wall thickness in rapamycin-versus vehicle-treated adult mice, we conclude that heart dimensions are not fully normalized until early adulthood after prenatal mTORC1 inhibition. This is in contrast to other IUGR animal models, which mainly revealed unaltered heart size in adulthood, although it was often determined as wet weight at later stages. 31, 43 Therefore, it is quite possible that LV mass completely normalizes in rapamycin-treated mice with further aging.
Neonates after prenatal rapamycin treatment show reduced cardiac output caused by smaller LV dimensions and stroke volume but not impaired contractility when compared with vehicle-treated controls. This is in contrast to mice with an inducible, heart conditional knockout of mTOR or Raptor in adulthood, which develop contractile dysfunction and heart failure under baseline conditions, 45, 46 although over a period of 4 to 6 weeks. Importantly, it is also different from heart conditional Rheb KO mice, which show efficient mTORC1 inhibition by postnatal day 5 and contractile dysfunction by day 8. 10 Similarly, heart conditional mTOR KO mice that exhibit efficient mTOR protein depletion by postnatal day 7 develop contractile dysfunction by day 15. 7 The latter 2 genetic models, however, cause a broad inhibition of mTORC1 (and also mTORC2 in case of the mTOR knockout) in the heart beyond rapamycinsensitive functions, evident as decreased phosphorylation of 4E-BP1, which was unaffected in our current study. These data suggest that LV contractility in fetal and neonatal hearts is relatively insensitive toward rapamycin-dependent mTORC1 inhibition, and cardiac output is primarily determined by LV volume. Within the first few weeks after birth, however, mTORC1 activity becomes essential to establish and maintain normal LV function. The latter coincides with various milestones of postnatal cardiac maturation, such as changes in cardiomyocyte metabolism, growth pattern, tissue composition, and myocardial workload. 47 Thus, it is tempting to speculate that mTORC1 plays an important role in the transition from fetal to postnatal cardiac growth and function. Despite slightly reduced LV mass and wall thickness and a reduced number of cardiomyocytes, adult hearts after prenatal rapamycin treatment exhibit normal contractility and complete recovery of cardiac output as compared with neonatal stages without signs of maladaptive myocardial remodeling. This is consistent with some rodent studies showing unaltered LV contractility after IUGR under baseline conditions in adulthood, 31, 48 but others have reported reduced heart function at 10 to 12 weeks of age. 49, 50 Similarly, most IUGR animal models eventually show increased myocardial fibrosis with age, whereas the onset of tissue remodeling in early adulthood is less clear. 31, 49, 51 In addition, maternal LPD during pregnancy has recently been proposed to alter the biochemical composition of myocardial tissue in adult offspring. 51 Whether this represents a general effect of IUGR or whether it is specific to the LPD model needs to be confirmed, such that characterizing the cardiac lipid, proteoglycan, and carbohydrate profile in rapamycintreated hearts might add valuable information to this question. So although prenatal rapamycin treatment obviously results in an IUGR phenotype at birth, it will have to be established whether it furthermore represents a suitable model for fetal programming in adulthood. In this regard it will be interesting to determine the long-term cardiac outcome of adult mice after prenatal rapamycin treatment upon aging as well as their response to various challenges (such as ischemia, pressure overload, or neurohumoral stimulation) in future studies. Such data would have important implications for both fetal programming in general as well as for the specific role of mTORC1 in long-term cardiovascular health and disease susceptibility. Table S3 . Echocardiographic measurements in adult mice after prenatal mTORC1 inhibition.
Supplemental Tables
Echocardiography was performed in 11 week old Hccs +/+ and cHccs +/-mice after prenatal rapamycin or vehicle treatment. Left ventricular (LV) wall thickness and diameter were determined in end-diastole (dia) and end-systole (sys) and LV mass, contractility and output were calculated. (EF: ejection fraction, FS: fractional shortening, IVS: interventricular septum, LVID: left ventricular internal diameter, LVPW: left ventricular posterior wall, R: rapamycin, V: vehicle)
